Isolates able to grow on 3-or 4-hydroxybiphenyl (HB) as the sole carbon source were obtained by enrichment culture. The 3-HB degrader Pseudomonas sp. strain FH12 used an NADPH-dependent monooxygenase restricted to 3-and 3,3'-HBs to introduce an ortho-hydroxyl. The 4-HB degrader Pseudomonas sp. strain FH23 used either a mono-or dioxygenase to generate a 2,3-diphenolic substitution pattern which allowed meta-fission of the aromatic ring. By using 3-chlorocatechol to inhibit catechol dioxygenase activity, it was found that 2-and 3-HBs were converted by FH23 to 2,3-HB, whereas biphenyl and 4-HB were attacked by dioxygenation. 4-HB was metabolized to 2,3,4'-trihydroxybiphenyl. Neither organism attacked chlorinated HBs. The degradation of 3-and 4-HBs by these strains is therefore analogous to the metabolism of biphenyl, 2-HB, and naphthalene in the requirement for 2,3-catechol formation.
Polychlorinated biphenyls (PCBs) have found widespread industrial use in the past owing to their physical and chemical stability and their dielectric properties. Inadequate waste disposal has led to their release into the environment, where they have been routinely detected in soil, water, and wildlife since the early 1960s. Their toxicity has caused PCBs to be prohibited in many countries. Originally believed recalcitrant, PCBs have been shown to be degraded both photochemically and by microorganisms (7, 18) .
The monohydroxylation of biphenyl is a detoxification process common to hepatic microsomes (25) and a range of fungi and actinomycetes (27) . The chlorinated derivatives are frequently hydroxylated as well, even though several assays, such as erythrocyte lysis (T. L. Miller, Fed. Proc., 36:413, 1977 ) and mouse acute 50% lethal dose (36) , demonstrate the greater toxicity of the hydroxylated PCBs over the parent isomers. This may be due to the increased solubility and membrane interaction of the products.
para-Hydroxylation of biphenyl normally predominates in mammals, fungi, and actinomycetes; Streptomyces rimosus, an exception, generates only 2-hydroxybiphenyl (2-HB; 28). A cytochrome P450-linked monooxygenase (27) is responsible for these transformations, and water-soluble conjugates are generated from the phenylphenols (6, 35) . A number of investigators have isolated bacterial strains capable of utilizing biphenyl as a sole carbon source, including species of Achromobacter (1) , Pseudomonas (5) , and Beijerinckia (16) , which oxidize biphenyl at the 2,3 position to form a cis-dihydrodiol. This is then dehydrogenated to yield 2,3-dihydroxybiphenyl, which is metabolized through the metapyrocatechase pathway to form benzoic acid. Broad specificity of the initiating enzymes effects cometabolism of PCBs to hydroxylated intermediates that are not growth substrates of the biphenyl degraders Acinetobacter sp. strain P6 and Alcaligenes sp. strain Y42 (13) . Neither organism grew on 2-or 4-HB, although oxygen was consumed in response to both substrates with resting cells of strain P6.
HBs may arise in the environment from the fungal oxidation of biphenyl applied to fruit on a large scale as a fungicide and from the spraying of sodium 2-phenylphenolate to prevent apple and citrus decay (10) . They have also been used in household disinfectants, as preservatives for water-oil * Corresponding author. emulsions in textiles, and by metal industries. The ortho isomer is considered to be moderately toxic (17) , causing corneal injury and irritation when inhaled. Cats fed large doses display severe internal hemorrhaging, and in the rat, the compound is stored primarily in the kidney (33) . In addition to microbial cometabolism, hydroxylated PCBs can be produced photochemically (together with products of dechlorination [1] ) by prechlorination in drinking-water treatment (34) and by PCB pyrolysis (26 (12) . The identity of the 3-chlorocatechol fraction was confirmed by NMR, UV and infrared spectroscopy, and GC-MS. The compound showed broad absorption peaks at 213 and 277 nm in methanol solution. The mass spectrum corresponded to that of the authentic standard presented by Knuutinen (9) , viz., 9:1 (vol/vol) benzene-methanol. The metabolite was recognized as a catechol by its fluorescence on spraying with para-toluene sulfonate (20% solution in chloroform; 31). The substrate showed no such reaction under UV illumination. GC analysis showed the product to be >88% pure, eluting just after 2,3-and 3,4-HBs.
Analytical methods. Oxygen uptake rates were measured with an oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio), which was mounted to a reaction vessel held at a constant temperature (30°C). The assay mixture contained 0.1 ml of the cell suspension (optical density at 600 nm, 10) and 1.9 ml of phosphate buffer. Reactions were started by injecting substrates as concentrated methanol solutions (10 ,ul of a 10 mg/ml stock, except 5 mg/ml for phenols and 100 mg/ml for benzoates), and specific oxygen consumption rates were corrected for endogenous uptake. Methanol had no effect in the concentration range used. Monooxygenase activity with 3 (Table 1 ), but the cell extract was restricted in NADH-dependent response to only these two substrates. 3,3'-Dihydroxybiphenyl was one-third more active on a molar basis than 3-HB at 0.2 mM. Both NADH and oxygen consumption rates fell off rapidly, but if similar time periods are compared, the NADH/02 stoichiometry was 0.93 and 0.89 for 3-and 3,3'-HBs, respectively. No activity (oxygen uptake, yellow color) was observed from 2,3-HB. The rate with NADPH was 64% of that with NADH. Maximal NADH disappearance was seen at a 3-HB concentration of about 0.07 mM (Fig. 1) . The profile suggests that substrate inhibition occurs. This phenomenon has been described previ- oxidation; those grown on 3,3'-HB were induced for 3-hydroxybenzoate oxidation (Table 2) .
3-HB-grown FH12 readily oxidized 2,3-HB, producing a bright-yellow color, while 3,4-HB evoked a minimal response and no coloration. 3-Chlorocatechol was observed to inhibit the catechol 2,3-dioxygenase of Pseudomonas putida mt-2 (3). Since 3-chlorocatechol at 1 mM was found to prevent the oxygen uptake response with 2,3-HB, it was used at this concentration in resting-cell incubations with several substrates (5 mg/20 ml) in order to accumulate catecholic intermediates. Neutral ethyl acetate extracts were analyzed by GC-MS, both underivatized and after N,Obis(trimethylsilyl)acetamide treatment. 3-HB generated 2,3-HB; 3,3'-HB produced a trihydroxybiphenyl, identified as 2,3,3'-HB. The mass spectra of the silylated derivatives of both degradation products are given in Fig. 2 Resting cells of FH23 were incubated with a number of substrates in the presence of 3-chlorocatechol, and the extracts were prepared for GC-MS analysis as outlined above. The action on 4-HB, for example, produced a compound of molecular weight 202 which gave rise to three derivatives of molecular weights 274, 346, and 418. These values would correspond to sequential substitution of phenolic hydrogens with a trimethylsilyl group. Mass spectra of unreacted and tris(trimethylsilyl) compounds are presented in Fig. 4 and 5. Further, the NMR spectrum (Fig. 6 ) of the metabolite isolated from a resting-cell transformation was consistent with its identification as 2,3,4'-trihydroxybiphenyl in view of corresponding signals reported (Sadtler Research Laboratories, NMR standard spectra no. 10 383 and no. 17 034, 1970) for catechol and 4-HB. In this interpretation, we assume that the two protons ortho to the single hydroxyl (3',5') produce a fused signal (split by long-range coupling to the other ring) and that the meta pair (2',6') behave in the same way. The first set would be upfield-shifted by the hydroxyl lone pairs. Free rotation would eliminate any differences in field due to the catecholic ring groupings. The signal centered on 6.68 ppm is split many times and may represent the three remaining protons since the signal is upfield. Moreover, integration of the whole aromatic region gives a 1:1:1.5 ratio for signals from the first pair, second pair, and cluster, respectively. The spectrum is not consistent with 2,3,4-HB, since an unsubstituted ring would generate signals from five relatively downfield protons.
Finally, the purified metabolite evoked a strong oxygen uptake response in resting cells, with the formation of a yellow meta ring fission compound. Compounds of similar mass spectral fragmentation patterns and silylation products were also produced from other substrates (Table 5) . Variation in retention times presumably reflects alternative configurations of three hydroxyls about the biphenyl nucleus. 2,3-HB was generated from biphenyl, 2-and 3-HBs, a dihydroxy derivative, was from 4-chlorobiphenyl, and no metabolites were observed from 4'-chloro-4-HB or 4-hydroxydiphenylmethane, or at time zero (<1 min), or from cell-free controls.
A cell extract of FH23 supplemented with NADH effected rapid oxygen consumption on addition of 2-and 3-HBs, whereas 4-HB, biphenyl, or 4-chlorobiphenyl gave no response. (2), toluene (37), naphthalene (11) , and biphenyl (16) with the aid of dioxygenases that introduce both of the atoms of molecular oxygen. Catechol or an analog is produced as an intermediate and cleaved by meta-pyrocatechase. The catechol has a 3-rather than a 4-substituent in the toluene and biphenyl pathways. Thus, 2,3-HB but not 3,4-HB is the isomer of choice in biphenyl degradation.
The strains described in this study conform to this 2,3-preference. A meta-hydroxyl led to the insertion of an adjacent ortho-hydroxyl in Pseudomonas sp. strain FH12, while a para-hydroxyl caused Pseudomonas sp. strain FH23 to attack the unsubstituted ring, presumably using a dioxygenase to form a 2,3,4'-HB from 4-HB. These actions are summarized in Fig. 7 .
FH12 attacks 3-HB by monoxidation, while FH23 attacks an HB by either mono-or dioxygenation. The latter organism can therefore also metabolize 2-and 3-HBs, where only one hydroxyl completes the catechol pattern. While aromatic dioxygenases are multicomponent and labile, the 2-HB monooxygenase described by Kohler et al. (22) was readily measured in cell extracts. The loss of activity with 4-HB in cells that retain the ability to oxidize 2-HB would be consis- tent with this differential stability. Spain and Gibson (30) recently reported that P. putida Fl carries both dioxygenase activity against benzene, toluene, and chlorobenzene and a monooxygenase activity that converts methyl-, chloro-, and nitro-substituted phenols to the corresponding catechols.
The presumed FH23 dioxygenase has broad specificity, in attacking biphenyl with a para-hydroxyl or chlorine substituent. This can be compared with the Beijerinckia dioxygenase that oxidizes biphenyl (16) , benz[a]pyrene (15) , anthracene (19) , and dibenzothiophene (24) to cis-dihydrodiols.
Neither organism showed significant activity with hydroxylated PCBs. Ring chlorination presumably prevents the action of the monooxygenase system for steric and/or electronic reasons.
